Stimuli-responsive separation membranes with tunable molecular scale pore size, which are desirable for on-demand sieving of targeted macromolecules, have attracted increasing attention in recent years. In this study, novel magneto-hydrogel pore-filled composite membranes with excellent magnetoresponsivity and tunability for molecular sieving have been developed. Such membranes comprising magnetic nanoparticles (MNPs) as localized heater which can be excited by high frequency alternating magnetic field (AMF), poly(N-isopropylacrylamide) (PNIPAAm) hydrogel network as the sieving medium and actuator, and polyethylene terephthalate (PET) track-etched membrane as robust support, have been prepared via in situ reactive pore-filling functionalization. Rheological study has been carried out first to investigate the influence of MNPs and initiation methods on gelation kinetics and microstructure of the MNP-PNIPAAm composite hydrogels, and to identify proper conditions for further pore-filling functionalization. Then AMF distribution of chosen field condition and its heating effectiveness for MNPs and MNP-PNIPAMm composite hydrogel were studied. Pre-functionalization of the PET membranes with linear polymer chains with different composition were compared with respect to their effects for achieving desired MNP loading and fixation of the hydrogel network in the pores. At last, in situ reactive pore-filling functionalization was carried out to immobilize robust magneto-hydrogel in the pores of the membranes. Conditions were investigated and optimized to obtain functionalized membranes with high MNP loading and suited PNIPAM network properties, i.e. good stimuli-responsivity and sieving in the ultrafiltration range. The excellent thermo-and magneto-responsivity of obtained pore-filled membranes was proved by its large and reversible change of water permeability in response to switching on and off the AMF. Finally, it was demonstrated by filtration of dextrans with different molecular weights that the membranes had ultrafiltration properties and that large changes of their molecular sieving performance could be obtained by ''remote control'' with the external AMF.
Introduction
In the last few decades, stimuli-responsive materials including responsive membranes have become a popular topic, and membranes which respond to different signals (e.g. temperature, pH, ions, special molecules or electromagnetic irradiation) have been developed. [1] [2] [3] [4] Despite the large number of publications, most reported membranes do not have high resolution for the separation of nanoparticular or molecular targets. They either rely on the stimuli-responsiveness of functional polymers blended into a membrane polymer or grafted as brushes on the membrane surface, [5] [6] [7] [8] [9] [10] [11] [12] on the volume phase transition of blended micro-or nanogel particles, [13] [14] [15] [16] and on expansion/ contraction of responsive substrates with pores from sacrificial or volatile components. 17, 18 By this means, most previously reported stimuli-responsive membranes achieve micrometer or sub-micrometer range pore size tuning for changing hydraulic permeability [5] [6] [7] [16] [17] [18] and molecules and ions diffusion. 8, 9, [13] [14] [15] A different strategy is the integration of functional nanoparticles in membranes, as light-responsive local heater to improve the flux through nanofiltration membranes, 19 as surface-immobilized magneto-responsive ''nano mixer'' to reduce concentration polarization 20 or as magnetic enzyme carrier in a biocatalytic membrane system. 21 As sizes of biomacromolecules are only few nanometers, for applications like drug delivery, biochemical analysis and down-stream processing of bioproducts, it would be very attractive to develop stimuli-responsive separation membranes with tunable pore size in that molecular scale, to achieve on-demand switchable sieving of targeted macromolecules or nanoparticles. 22 However, due to the intrinsic rather rough tunability of most membrane functionalizations mentioned above, it is hard to reach precise control over molecular scale transport. Among the very few exceptions were functionalizations of support membranes within sub-micrometer sized pores, where stimuli-responsive separation for macromolecules or small nanoparticles had been achieved. [10] [11] [12] Another way of preparing responsive membranes with pore sizes in the range below 100 nm as well as narrow pore size distribution and high porosity by using phase separation of self-assembled micelles of stimuli-responsive diblock polymers is also quite attractive. 23, 24 However, so far only pH-responsive membranes have been obtained with this method and there are concerns about the mechanical properties of such membranes. Because polymeric hydrogels have mesh sizes in the lower nm range and high porosity, they are also used as excellent sieving media for molecules. 25, 26 Based on the size-exclusion effect, poly(acryl amide) hydrogels have been for long time used for electrophoresis. 27 Their adjustable network structure (by cross-linker monomer fraction and total monomer concentration, i.e. via formation of chemical and physical cross-links) and chemical durability would make them more favorable than other materials mentioned above. Moreover, when they are stabilized within a porous (membrane) support, their application could be expanded to pressure-driven molecule filtration. [28] [29] [30] Among all kinds of hydrogels, stimuli-responsive ones are especially interesting because their mesh sizes could not only be defined by composition and synthesis conditions, but also dynamically tuned by external stimuli. [30] [31] [32] [33] Previously, novel polymeric hydrogel pore-filled membranes with reversible thermo-responsive molecular sieving effect had been developed by Adrus and Ulbricht. 34 Such membranes used the thermoresponsive poly(N-isopropylacrylamide) (PNIPAAm) hydrogel as the sieving medium because the hydrogel had been immobilized inside the pores of a robust polyethylene terephthalate (PET) track-etched microfiltration membrane to enhance its mechanical stability. It had been demonstrated that the membranes have excellent thermo-responsive (macro)molecule size selectivity and stable separation performance under relatively high pressure (up to 4 bar). Upon increasing the temperature above the lower critical solution temperature of PNIPAAm (32 1C) , the flux increased very much and the molecular sieving disappeared, which could be ascribed to a micro-syneresis of the poreimmobilized temperature-responsive hydrogel, leading to much larger mesh size compared to room temperature. However, the conventional temperature actuation has drawbacks like relatively slow response and high energy consumption as it demands the heating of the entire feed. Moreover, there is the risk to denature biomacromolecules which are very often the separation targets. Magneto-heating which had been largely investigated for hyperthermia therapy for tumor treatment [35] [36] [37] could be adopted to solve those problems. It had been proved that by coupling magnetic nanoparticles (MNP) as localized heaters with thermo-responsive polymers having a transition temperature in the range up to 40 1C, the heat generated by the MNP is effective enough to cause the phase transition of these thermo-responsive polymers. Such mechanism has been used to develop magneto-responsive drug delivery system for pulsed drug release. [13] [14] [15] [37] [38] [39] Very recently, it had been shown that permeability through membrane pores containing immobilized MNPs and grafted with linear PNIPAAm chains can be switched reversibly by alternating magnetic field (AMF), but due to large effective pore size (about 500 nm), no size selectivity had been achieved. 40 Here, it is proposed to develop a MNP-polymer hydrogel pore-filled composite membrane to achieve magneto-responsive molecule sieving performance. The idea is to use magnetic iron oxide nanoparticles (size 40 nm) as the localized heater, porefilling PNIPAAm hydrogel as the actuator and sieving medium, and commercial PET track-etched membrane as the robust support, to construct a magneto-responsive hydrogel porefilled membrane. It is anticipated that by manipulating AMF and thus controlling the heat generation of MNPs, the microsyneresis of the PNIPAAm network can be locally controlled and magneto-responsive molecule sieving can be achieved (Fig. 1) . Because there is no need to heat up the whole feed, it is expected that such membrane would have faster response, be more energy-efficient and maybe can also avoid the denaturing of biomolecules to be released/separated through/by such a membrane.
Experiments

Materials
Track-etched PET membranes with a nominal pore diameter of 1000 nm (measured via gas flow/pore dewetting permporometry: 1582 nm 34 ) and a thickness of 23 mm from Oxyphen (Germany) were used. They were washed in ethanol for one hour and dried (40 1C) over night before using for functionalization. Amphiphilic polymer coated magnetic iron oxide nanoparticles (40 nm) with carboxylic acid groups on their surface in aqueous dispersion (5 mg ml
À1
) from Ocean NanoTech (USA) were used as received. Monomer N-isopropylacrylamide (NIPAAm) was from Acros (Belgium) and recrystallized with hexane before use. Dimethylaminoethyl methacrylamide (DMAEMA) from Polysciences Inc. (USA) was used as comonomer for pre-modification step (''method 2'') as received. N,N 0 -Methylenebisacrylamide (MBA)
from Sigma-Aldrich (Germany) was used as cross-linker for hydrogel syntheses. Irgacure 2959 from Ciba Chemicals (Switzerland) was used as UV initiator for rheological study of gelation. Ammonium persulfate (APS) from Acros (Belgium) was used as redox initiator together with tetramethylethylenediamine (TEMED) from Acros as accelerator, for rheological study of gelation and membrane pore-filling functionalization. The photo-initiator benzophenone from Acros was used for the pre-modification step. Sodium chloride from VWR (Germany) was used to reduce the electrostatic repulsion between negatively charged MNPs during the pore loading process. Dextrans (2000 kg mol À1 from Sigma-Aldrich; 500 kg mol À1 from Pharmacia Fine Chemicals Inc., Sweden, 4 kg mol À1 from Serva, Germany) were used as test solutes for filtration experiment. Ethanol from Fisher Chemicals (Germany) was used for base membrane washing and as solvent for benzophenone coating for pre-modification step. For all experiments, water was purified with a Milli-Q system (Millipore, USA).
Rheological study of bulk MNP-PNIPAM composite hydrogels
To study the influence of MNPs on gelation kinetics and microstructure of the MNP-PNIPAAm composite hydrogels and to choose a suitable polymerization method for pore-filling procedure, rheological studies were carried out for in situ UV-and redoxinitiated cross-linking polymerization of NIPAAm with different MNP concentrations, according to a previous work. 41 Rheometer model MCR-300 (Anton Paar, Austria) equipped with external UV-light source (100 watt mercury lamp, EXFO Omnicure Series 1000, EXFO, Quebec, Canada) and Peltier device for temperature control was used. Cone-plate geometry with an upper plate of cone angle 0.11 and a diameter 25 mm was chosen and different lower plates were used for different polymerization methods. An optically transparent glass-based lower plate was used for UV polymerization while a Peltier plate was used for redox polymerization. First to monitor the gelation process, in situ oscillatory shear measurement with time sweeping mode was carried out. 200 ml reaction mixture was used for each measurement. The concentration of NIPAAm was 1 mol l
À1
, that of MBA 0.02 mol l
, that of initiator (Irgacure 2959 for UV and APS for redox polymerization) was 0.02 mol l À1 , and the MNP concentrations were varied from 0 to 1 wt% (relative to NIPAAm). To trigger the polymerization, UV light with the intensity 21 mW cm À2 was used for UV polymerization and directly coupled into the rheometer cell via fiber optics. For redox polymerization 0.01 mol l À1 TEMED was added and mixed for 30 seconds before loading the reaction solution onto the plate. The normal force was set at 0 N. An angular frequency of 10 rad s À1 and small strain amplitude of 0.01% were chosen to ensure linear regime of oscillatory deformation. During all measurements, temperature was controlled at 21 1C and the evaporation of solvent was minimized by using a solvent trap. After the hydrogel had been fully polymerized, frequency sweeping was carried out to characterize mechanical properties and to estimate the microstructure of the hydrogels. While the temperature was kept constant at 21 1C, the normal force was reset to 0 N, and the strain amplitude was kept at 1%, an angular frequency in the range of 0.1-100 rad s À1 was applied and the storage modulus of hydrogel was measured. Based on rubber elasticity theory, average mesh size of the hydrogel was estimated from rheological data according to the following equation. 41 ,42
where R is the ideal gas constant, T is the measurement temperature, N A is Avogadro's constant and G* is the plateau value of storage modulus.
Investigation of alternating magnetic field (AMF) condition
2.3.1 AMF amplitude distribution. TruHeat HF series 5010 generator with sandwich coil made from copper tube, from TRUMPF-Hüttinger (Germany) was used to generate electromagnetic field. Because of the electrical resistivity of the coil material (copper), there is inevitable unspecific heat generated when current flows through the coil. Therefore, cooling water with external circuit constantly flows through the lumen of the copper tube during the operation.
The field amplitude between the coil sandwich was measured by a self-made pickup probe (2 loops made of fine copper wire with a diameter of 7.3 mm) coupled with an oscilloscope (ESI, † Fig. S1 ). Due to electromagnetic induction, there will be electrical current induced in the probe, changing simultaneously with alternating magnetic field. By taking coordinate axes along the radius of the coil (r) and height of the coil (h), and placing the probe at different sites between the coils, induced peak voltage at each site was detected by oscilloscope and recorded. To obtain high magnetic field amplitude, here relatively high power input of the generator was chosen: the current was I = 15.6 A, and the frequency f = 745 kHz. The electromagnetic field amplitude (H 0 ) at each site was calculated according to following equations.
where U max is the peak value of induced voltage, U pp is peak-topeak voltage given by oscilloscope, N is the number of loops of the probe, D is the diameter of the loop, m 0 is permeability constant of copper, f is the frequency of AMF, and H 0 is magnetic field amplitude.
2.3.2 Calorimetric method to evaluate the MNPs heating efficiency. Since power loss of MNPs depends not only on the material, morphology and size of the particles, but also on the specific magnetic field conditions, 36 here the heating efficiency of the used MNPs has been studied by calorimetric method. Self-made closed glass vial with vacuum walls, containing 1 ml of a 0.5 mg ml À1 MNPs aqueous dispersion has been placed between the inductor coils (ESI, † Fig. S2 ), and the temperature of the solution has been measured before and after 5 minutes of AMF (I = 15.6 A, f = 745 kHz) exposure by contact thermometer. The same volume of water as background solvent was also tested to evaluate the influence of the unspecific heat emitted by the AFM generator. To describe the power achievable per gram of iron in the material, the specific loss power (SLP) of the MNPs has been introduced and calculated as follows:
where c is the heat capacity of water, m s is the mass of the sample, m Fe is the mass of MNP in the sample, DT s is the temperature increase of the nanoparticle dispersion, DT w is the temperature increase of water, and Dt is time duration with AMF on. Here, (DT s À DT w )/Dt is the slope of the heating curve with unspecific heat influence eliminated. 2.3.3 Magneto-heating for the magneto hydrogel. To further prove the heating effectiveness of the chosen field conditions, heat generation of magneto-hydrogel was studied by thermal imaging camera 885-2 from Testo AG (Germany). Freeze-dried samples of MNP-PNIPAAm composite hydrogel with 1% of MNP and pure PNIPAAm hydrogel were prepared by redox polymerization. After placing both samples at the middle plane between the inductor coils (I = 15.6 A, f = 745 kHz) for 1 minute, infrared photos were taken.
Membrane functionalization
The membrane functionalization procedure is shown schematically in Fig. 2 . PET track-etched membranes were first pre-modified by grafting polymer chains onto pore wall surface as anchors and thereafter pore-filling functionalized by in situ cross-linking polymerization of magneto-hydrogel inside membrane pores.
2.4.1 Pre-modification via surface initiated UV polymerization. In order to facilitate MNP loading and provide robust anchors for the stable immobilization of hydrogel during pore-filling step, polymer chains with specific charges and moderate chain length were grafted onto PET membrane. Surface initiated ''grafting-from'' was used, with conditions adopted and optimized according to previous work. 44, 45 To render surface charges, . After loading procedure, 0.01 mol l À1 TEMED was added and mixed for 30 seconds. Then, the fully soaked membranes were taken out and placed between two glass plates. The glass plates were clamped and the gap between them was sealed with vaccum grease to prevent water evaporation. After 24 hours of polymerization at room temperature, the membranes were taken out and washed with water for at least three times for 24 hours before characterization. In order to obtain a denser hydrogel network for more effective molecular sieving, the concentrations of all chemicals were increased for preparation of the pore-filled membrane used in dextran filtration experiments: 1.1 mol l À1 NIPAAm, 0.022 mol l À1 MBA, 1.5 wt% MNPs (relative to monomer), 0.022 mol l À1 APS, 50 mmol l À1 NaCl, and 0.011 mol l À1 TEMED were used.
Characterization of functionalized membranes
2.5.1 Zeta potential. Zeta potential of base and pre-modified membranes from both methods were measured by SurPass electrokinetic analyzer (Anton Paar, Austria). During the all measurements, 1 mM of KCl was used as electrolyte and 0.1 M of NaOH solution or 0.1 M of HCl solution were used to adjust the pH between 3 and 10. All measurements started around pH 3 and then the pH was increased by step-wise addition of NaOH solution. The zeta potential data at different pH values were calculated by the software of the instrument according to the Helmholtz-Smoluchowski equation:
where DE SP /DP is the change in streaming potential with pressure, Z is the electrolyte solution viscosity, k is the conductivity of the electrolyte solution; e 0 is the permittivity of free space and e r is the permittivity of the electrolyte solution. 2.5.2 Morphology and MNP loading of pore-filled membranes. To investigate the MNP loading of pore-filled membranes, scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM/EDX) was used to visualize and quantify the loading, both inside the pore and on the outer membrane surface. While images of surface and cross-section topography were obtained from secondary electron emission, characteristic X-rays emitted from the sample gives qualitative and quantitative elemental information, like here the iron content on the sample surface. Membrane samples for both surface and cross-section imaging were sputtered with thin layer of gold-palladium (80 : 20) using a K550 sputter coater from Emitech Ltd. (Ashford, UK). Then SEM/ EDX was performed with instrument ESEM Quanta 400 FEG from FEI Co. (Hillsboro, USA).
2.5.3 Thermo-and magneto-responsive hydraulic permeability of functionalized membranes. To examine the incorporation of thermo-responsive PNIPAAm chains for pre-modified membranes and PNIPAAm hydrogel network for pore-filled membranes, water filtration at both 25 and 45 1C was carried out after each functionalization step. Self-constructed dead-end filtration cell with 3.14 cm 2 effective membrane area was used. The transmembrane pressure was adjusted by hydrostatic pressure or gas pressure, and the temperature of feed was controlled by thermostat (Julabo, Germany). Mass of permeate was measured gravimetrically and flux through of the membrane J and membrane permeability P were calculated accordingly.
where m is the mass of permeate during filtration duration Dt, r T is the water density at temperature T, A is effective filtration surface area of membrane, Dp is the trans-membrane pressure.
For the pre-modified membranes, to evaluate the length of the grafted polymer chains, hydrodynamic layer thickness was calculated according to Hagen-Poiseuille equation. 44, 45 
where J is the water flux through the membrane, d is the pore diameter, e is the membrane porosity, Z is viscosity of water, Dp is the trans-membrane pressure, Dx is the membrane thickness, d BM is the average pore diameter of base membrane, d PM is the average pore diameter of pre-modified membrane and L h is the hydrodynamic layer thickness of the grafted layer on the pore wall. This estimation is valid for isoporous membranes as it is the case for this type of track-etched membranes and assuming an even functionalization of all pores as had been proven in previous studies. [44] [45] [46] Specifically, for the calculation, the average pore diameter d BM was first measured via gas flow/pore dewetting permporometry and was 1582 nm. Then, with HagenPoiseuille equation and water filtration data of base membrane, membrane porosity e was calculated which can then be used to estimate, by using d BM , pore density. Assuming that the pore density would not change during pore surface functionalization, and with water filtration data of modified membrane, the average pore diameter of pre-modified membrane (d PM ) was calculated. At last the hydrodynamic layer thickness (L h ) was estimated by comparing the average diameter of membrane before and after pre-modification. Moreover, gating factor R 45/25 , which represents the ratio of effective average pore diameter, i.e. permeability, at 45 1C and 25 1C, 47 was also introduced and calculated, to quantify the thermo-responsivity of pre-modified membranes.
where d 45 For pore-filled membrane, a thermo-responsivity factor, N 45/25 , which represents the permeability ratio at different temperatures, without the water viscosity influence, was also introduced:
At last, to test the magneto-responsivity of the pore-filled membranes, a programmed AMF condition was applied during water filtration. Self-made filtration cell was placed in the middle plane of the coils to obtain a relatively homogenous magnetic field distribution (I = 15.6 A, f = 745 kHz). During the filtration, while the feed temperature was kept at 25 1C and the trans-membrane pressure was kept constant at 0.15 bar, the AMF was switched off for 15 minutes, then it was switched on for 60 minutes and thereafter again off for 25 minutes.
Water permeate samples were taken every 5 minutes and weighted. Water permeability was calculated according to eqn (5). 2.5.4 Magneto-responsive molecular sieving performance of pore-filled membranes. Specific pore-filled membranes functionalized by ''method 1'' with good responsivity and relatively low water permeability because of tighter network structure (cf. Section 2.4.2) were chosen for further filtration tests, including tests with and without AMF. Aqueous solutions with 1 g l À1 of single molecular weight dextran (4 kDa, 500 kDa, or 2000 kDa) were used as feed. During filtration, while the pressure was set at 800 mbar and feed temperature was set at 25 1C, permeate samples were first taken with AMF off and then with AMF on (I = 15.6 A, f = 745 kHz). Dextran concentration in permeate and feed was determined by total organic carbon analyzer (TOCVcpn system, Shimadzu, Japan; calibrated from 0 to 200 mg l À1 ) and dextran rejection was calculated.
where R is the rejection for dextran, C P is concentration of dextran in the permeate and C F is the concentration of dextran in the feed.
To eliminate fouling effects, the filtration tests were done in the sequence of 4 kDa, 500 kDa and 2000 kDa. Furthermore, in between the dextran filtrations, the membrane was washed with water for 2 hours with shaking and 3 times of water change. And to monitor possible fouling, water flux tests were carried out to see the effectiveness of washing. In all cases, permeability of membrane was monitored by weighting the permeate.
Results and discussion
3.1 AMF condition 3.1.1 AMF amplitude distribution. The magnetic heating effect depends largely on the electro-magnetic field amplitude and this is mainly a function of frequency of AMF. Therefore it is critical to characterize AMF conditions. Here, based on results of previous investigations, 40 an input current of 15.6 A, and a frequency of 745 kHz were chosen, to maximize input power and, hence, magneto-heating effect. When placing the coordinate axis along the radius (r) and height of the coils (h) as shown in Fig. 3a , the electromagnetic field distribution between the inductor coils, calculated from the induced peak voltage (eqn (2)), was as shown in Fig. 3b . The field amplitude distribution was not even; it was quite high near to surface (h = AE40 mm) and in the centre (r = 0 mm) of the coils and relatively low along the outer circle of the coils (r = AE10 mm). Moreover, results of a computer simulation which had been done to describe the amplitude distribution based on the inductor coil geometry (Fig. 3c ) match well with the experimental results and further prove the uneven distribution of field amplitude. Therefore, in order to ensure constant field conditions throughout all experiments, the same current and frequency inputs (I = 15.6 A, f = 745 kHz) were always used and the samples (hydrogels and membranes) were always placed in the centre of the middle plane (h = 0 mm), where the AMF amplitude was 20 AE 10 kA m À1 .
Heating efficiency of MNPs.
Many research papers report on magneto-responsive composite hydrogels with small superparamagnetic MNPs, 35, [38] [39] [40] because it is facile to use hydrophilic MNPs obtained by co-precipitation or to prepare the nanoparticles in situ in the hydrogel network by precursor reduction. 35, 48 However, it has been proven that bigger MNPs have better heating efficiency. 36 Here, commercially available
MNPs with size of 40 nm (ESI, † Fig. S3a ) and good water dispersibility were chosen. Besides better heat generation, the relatively big size was also expected to prevent the leaching out from the hydrogel network during filtration, because mesh size of such gel is typically less than 20 nm.
35,41,50,51
The temperature changes for water and MNP dispersion after 5 minutes of AMF exposure are shown in Table 1 . The SLP calculated using eqn (3) is 672 W g À1 and it correlates well with the reported SLP of iron oxide nanoparticles with similar size and under similar field conditions (magnetosome: diameter 30-40 nm, f = 410 kHz, H = 10 kA m À1 , SLP = 960 W g À1 ), 36 indicating the relatively good heating efficiency of the particles and AMF conditions used in this study. 3.2 Investigations of bulk magneto hydrogels 3.2.1 Influence of MNP on gelation kinetics. It is known that the introduction of nanofillers can have influence on gelation, structure and mechanical properties of the resulting hydrogel network. 49, [52] [53] [54] Therefore, rheological studies were carried out to investigate the influence of MNP on gelation kinetics in the systems used here and to choose a suited initiation method for pore-filling procedure.
To verify the good dispersion of MNP in the monomer solution, its zeta potential and stability of particle size in the monomer solution have been investigated. It was shown that the commercial MNP which had been surface functionalized with carboxylic acid groups are strongly negatively charged (ESI, † Fig. S3b ) and are stable in the monomer solution (ESI, † Fig. S4 ).
UV-initiated gelation was studied first, because a previous investigation had shown that UV polymerization is a better option for in situ preparation of tailored functional hydrogels as well as fabrication of hydrogel pore-filled membranes. 34, 41 However, the results for composite hydrogels were not as ideal as expected. As shown in Fig. 4a , similar to the results of previous investigations, gelation during UV polymerization of monomer mixture without particles started soon (within 50 seconds) and was complete early (within 400 seconds). However, with the increase of MNP concentration, the gelation was systematically delayed and the storage modulus of the resulting hydrogel systematically decreased (by 20% when comparing 0% and 1% MNP fraction). This may be because the MNPs can block the penetration of UV light, which is responsible for the generation of radicals; this results in reduced extent of polymerization. Therefore, UV initiation was not considered a suited method to obtain a well-defined magneto-hydrogel and was not further studied here.
Redox polymerization was evaluated as another option. As shown in Fig. 4b , redox polymerization took longer than UV-initiated polymerization to lead to gelation (300-500 seconds) and to reach full conversion (more than 2000 seconds). However, there was no apparent influence of the MNP concentration on the course of polymerization and the mechanical properties of the resulting hydrogels. Variations of storage modulus after full conversion were less than 3% around the average value for all data. The MNP-PNIPAAm composite hydrogels had similar storage modulus as the pure PNIPAAm hydrogel, indicating that redox polymerization is applicable to synthesize magneto-hydrogels at full conversion for the entire range of MNP loading. In addition, longer gelation time would make pore-filling preparation procedure easier to perform, as there will be more time to wait for all the chemicals, including the accelerator TEMED, to reach equilibrium in the membrane pores. Therefore, further investigations of the microstructure were carried out with hydrogels obtained after redox-initiation.
Mesh size estimation.
The rheological properties of representative hydrogels with MNP concentrations of 0%, 0.25% and 1%, obtained after in situ redox polymerization were further studied by frequency sweeping and the result is shown in ESI, † Fig. S5 . The storage modulus of the hydrogels was independent of the angular frequency, indicating almost perfect gelation of the hydrogel. The mesh size which represents the microstructure of such ''perfect gel'' can be estimated by using theory of rubber elasticity 41, 42, 54 (eqn (1)), and the result is shown in Table 2 . Despite different concentrations of the MNPs, the mesh size of all hydrogels was around 7 nm, which is well within the ultrafiltration range. It should be noted that the data have been measured for the hydrogels in state after synthesis, i.e. not in equilibrium swelling state (with excess of water).
When magneto-hydrogels with the same composition and structure are in situ formed and immobilized in the pores of the PET track-etched membrane, they are also expected be restricted in their swelling and thus to have similar mesh size; hence they should be able to serve as ultrafiltration medium. In the previous work on pure PNIPAAm hydrogel and its pore-filled membrane, 34,41 which used 1.3 mol l À1 of NIPAAm and 0.05 mol l
À1
of MBA in reaction solution, the mesh size calculated from rheological data of swollen hydrogel was around 5 nm. In comparison, here the mesh size of original state hydrogel was probably larger because of the lower total monomer concentration (1 mol l À1 of NIPAAm and 0.02 mol l À1 of MBA).
3.2.3
Heating effect for magneto-hydrogel. The heating effect of magneto-hydrogel under the used electromagnetic field conditions was evaluated by placing the samples (PNIPAAm hydrogel with 1 wt% MNP and without nanoparticles) in the centre of the inductor coil arrangement (cf. Fig. 3 ) for 1 minute. As shown in the thermal image in Fig. 5 , compared with the environment temperature of 24 1C, the magneto-hydrogel had a temperature increase of 7 1C, while the temperature of blank hydrogel increased only by 2 1C, because of unspecific heat of the facility. Therefore, the field condition is suitable for effective heating for the magneto-hydrogel.
Pre-modification of PET membranes
Successful pre-modifications of base membrane with the two different grafted polymers were verified by water flux measurements including thermo-responsivity and zeta-potential measurements.
As shown in Fig. 6a , the much lower water permeability of modified membranes proved the successful grafting of polymer chains onto the track-etched pore walls. Further, the much higher water permeability at 45 1C than at 25 1C and the corresponding high gating factors of pre-modified membranes indicated excellent thermo-responsive permeability which was attributed to the grafted PNIPAAm. Very similar permeabilities have been obtained for ''method 1'' and ''method 2'', indicating similar degree of grafting for the homo-and the copolymer. However, a very large decrease of water permeability had been observed with the increase of DMAEMA fraction in the reaction mixture beyond the concentration of 0.01 mol l À1 , relative to the NIPMAAm concentration of 0.2 mol l À1 (see ESI, † Fig. S6 , and related discussion). According to Hagen-Poiseuille law (eqn (6)), effective hydrodynamic layer thickness of grafted polymers was calculated from the water flux data and found to be within the range of 400 to 600 nm. This is smaller than the pore radius of B790 nm. Because photo-initiated free radical polymerization had been used, a gradient in polymer segment density from the pore wall to the interior can be expected, but the relatively large thickness should provide robust anchoring of the cross-linked hydrogel from the same polymer, in situ formed during the pore-filling step. Furthermore, the pre-modification of base membrane should also facilitate the loading of MNPs by influencing the electrostatic interactions between the membrane surface and the MNPs. The zeta potential of the pre-modified membranes was characterized and the result is shown in Fig. 6b . First, the PET base membrane was negatively charged as expected because of the carboxylic acid groups generated by the alkaline hydrolysis step during the track-etching process in the PET. Surface of premodified membrane from ''method 1'' was less negative compared with the base membrane, which can be attributed to screening of PET surface charge by the neutral PNIPAAm hydrogel layer. The membrane functionalized by ''method 2'' showed much more positive zeta potential in the analyzed pH range, indicating the successful incorporation of PDMAEMA segments into the grafted PNIPAAm chains. Hence, considering also the results of the DMAEMA concentration variation (cf. ESI, † Section S6), only 0.01 mol l À1 of DMAEMA was added on the basis of 0.2 mol l
À1
of NIPAM for ''method 2'', as such ratio offers moderate positive charge density and comparable layer thickness as the ''method 1''.
MNP loading of hydrogel pore-filled membrane
Several factors would influence the MNP loading: the pore size of the functionalized membranes, the electrostatic interactions between membrane surface and the MNPs, and the mutual electrostatic repulsion between the negatively charged MNPs.
To enhance the loading of the MNP, pre-modifications with moderate chain lengths and in one case with positive charges (''method 2'') were adopted (cf. Section 3.3), a step-wise loading procedure for MNPs with long loading times was used, and small amounts of NaCl were also added to reduce the mutual repulsion between the MNPs. The results of the thus optimized procedure according to the two methods were characterized by SEM and EDX (Fig. 7) . The images reveal that the outer and inner surface of the membrane is tightly covered with particles and that the hydrogel is rather hard to distinguish from the other features. It must be noted that the samples had been analyzed in dry state where the hydrogel is collapsed; consequently, the visualization of PNIPAAm in SEM had also been complicated in previous work. 34 After optimization of the loading procedure, both routes yield high MNP amounts on and in the membrane, which had been a great improvement compared with first experiments where the loading had been done in one step and without addition of NaCl (cf. ESI, † Fig. S7 ). For'' method 1'', the MNP loading on the surface estimated by EDX is 6 times higher than inside the pores. For ''method 2'', loading of MNPs inside the pore is significantly higher than for ''method 1'' which can be attributed to the positively charged groups provided by grafted poly(NIPAAm-co-DMAEMA). That the loading with MNPs inside the pores was smaller than on the outer membrane surface could be due to sterical hindrance between particles and pores which are partially filled with grafted PNIPAAm (cf. Fig. 6a ). However, it is also possible that a mm-thin hydrogel layer formed on the two outer surfaces of the membrane is contributing to that effect. This had been observed before, 34 and it can be explained by the preparation procedure where the membrane which is filled with reaction mixture is then tightly sandwiched between two glass plates; the laminar film between membrane surface and glass will also be cross-linked to form a (composite) hydrogel.
Responsive water permeability of nanoparticle hydrogel pore-filled composite membranes
Thermo-responsive water permeability of pore-filled membranes was evaluated by water filtration at different temperatures (25 1C and 45 1C) . In the previous work by Adrus and Ulbricht, 34 for PET track-etched membrane with pore size of about 1600 nm and using 1.3 mol l À1 of NIPAM and 0.05 mol l À1 of MBA in reaction solution, water permeability of pore-filled membranes was around 100 l h À1 m À2 bar
À1
. Here relatively lower concentration of monomer NIPAAm (1 mol l
) and cross-linker MBA (0.02 mol l À1 ) were used, and the water permeabilities of various individual membranes were ranging from 50 to 1000 l h À1 m À2 bar
. The broad range of water permeability and the partially higher absolute values indicated relatively poor homogeneity of the hydrogel network (or the pore-filling) and/or a rather loose network structure. This had possibly been caused by the relatively low concentration of monomer and cross-linker, but an effect of the relatively large MNP (diameter 40 nm) on the network structure cannot be excluded. Despite the relatively poor reproducibility of water permeability, all membranes showed clearly significant temperature responsivity (thermoresponsivity factor N 45/25 in the range 3 to 25; for unmodified membrane R or N factors are B1; cf. Fig. 6a ). It had been noticed that the thermo-responsivity factor also has a broad range, but values correlated with water permeability: membranes with high water permeability had low thermo-responsivity factor and membranes with low permeability had high thermo-responsivity. This indicates clearly that pore-filled membranes with high permeability have looser hydrogel network or uneven pore-filling leading to poor barrier properties even at 25 1C, so that the change upon increase of temperature is only small. Overall, no difference with respect to achievable membrane quality could be seen when comparing preparations according to ''method 1'' and ''method 2''. Therefore, for the verification of the magneto-responsivity, two specific membranes from both preparation methods with relatively high thermo-responsivity factor (indicating good function of PNIPAAm network) were chosen (see Fig. 8a ). The membrane from ''method 2'' had a lower water permeability and higher thermo-responsivity factor than the one from ''method 1'' only because a representative membrane with excellent thermo-responsivity had been chosen here while the membrane from ''method 1'' represents a membrane with good thermo-responsivity. The magneto-responsive water permeability is shown in Fig. 8b . When the AMF was off in the first 15 minutes, both membranes showed relatively low permeability. After the AMF was switched on, the permeability of both membranes increased significantly within 20 minutes and reached a plateau value. This plateau permeability indicated the stationary state between heat generation by the MNPs and cooling by convective flow of the feed (kept at 25 1C) through the pores. The absolute increase in water flux due to AMF was significantly larger for the membrane from ''method 2'', which can be explained by its lower permeability allowing only smaller flux and, hence, leading to less convective cooling compared to membrane from ''method 1''. Thus, the membranes behaved analogous to the magneto-responsive valve membranes reported earlier. 40 For both membranes, the plateau water permeability was lower than their permeability at 45 1C (cf. Fig. 8a ), therefore the temperature in the membrane pores under AMF condition was in the range of the lower critical solution temperature of PNIPAAm, but lower than 45 1C. It must be noted that the estimation of the actual temperature in the pores from the measured permeability is not straight forward because of the largely sigmoidal shape of the viscosity-normalized flux vs. temperature curve. 40 On the one hand, this indicates that the heat generation under the used conditions is limited; on the other hand, this would provide favorable conditions for the separation of biomacromolecules as the temperature is still within a mild range. Finally, when AMF was switched off again, the permeability returned to the value at the beginning of the experiment. This proved the heat generated by the MNPs can largely change the conformation of PNIPAAm network under the used AMF condition and that the permeability of the membranes can be fully reversibly manipulated by external AMF. The relatively slow response can be attributed to a large extent to the larger external systems volume relative to the very small membrane volume; cf. discussion in ref. 40 . Furthermore, systems with conventional thermo-responsive membranes (comprising feed container, tubing/pipes, and membrane module) need time to heat up the whole feed and then also to equilibrate the membrane to the new conditions. In laboratory work with an analogous system, e.g. a conventional PNIPAAm hydrogel pore-filled membrane, the total time for changing the feed water temperature from 25 to 45 1C and obtaining constant fluxes under the new conditions was at least 30 minutes, 55 i.e., longer than in this study. And the entire feed volume would constantly dissipate heat to the environment. For magneto-responsive membranes with localized heaters, only the very small fraction of feed volume passing through the membrane pores needs to be heated up to so that much less energy will be dissipated. These arguments illustrate the potential of the novel membranes with pore-integrated ''nano heaters'' for faster response and higher energy efficiency compared to conventional temperature-responsive membranes. However, it should be noted that the efficiency of the conversion of electrical to AMF energy is not considered here. Analogous conclusions with respect to potential for efficiency improvement had been reached in the work of Vanherck et al. 19 when comparing laser-induced heating of gold nanoparticles embedded in a nanofiltration membrane with conventional heating.
Magneto-responsive molecule sieving by pore-filled membrane
Finally, magneto-responsive molecule sieving performance of the magneto-hydrogel pore-filled membranes was investigated.
Because the membranes functionalized with 1 mol l À1 NIPAAm had relatively high and poorly reproducible water permeability, also dextran rejection had typically been low, and magnetoresponsive switching of rejection could only be demonstrated semi-quantitatively with dextran 2000 kDa (data not shown). Therefore, the NIPAAm concentration during preparation according to ''method 1'' had been increased to 1.1 mol l
À1
(and concentrations of all other components were also increased accordingly), aiming to obtain a denser network for more effective molecular sieving. 34 such hydrogel pore-filled composite membranes have clearly lower water permeability. This is probably because the embedded MNPs reduced the free space in the hydrogel network. As shown in ESI, † Fig. S8 , two pore-filled membranes prepared under those conditions demonstrated also very good magneto-responsivity of water flux. Thermo-and magneto-responsive water permeability and dextran sieving behaviour are shown in Fig. 9 . As can be seen in Fig. 9a , the chosen membrane had a rather dense and even pore-filling hydrogel network, therefore its permeability at 25 1C was quite low and responsivity was quite high (thermoresponsive factor, N 40/25 = 16). During dextran filtration tests, it demonstrated largely different rejection for different sizes of dextran molecules at 25 1C. For small dextran with average molecular weight of 4 kDa and average Stokes diameters of 3 nm, 34 only 26% was rejected; for medium dextran with molecular weight of 500 kDa and Stokes diameter of 28 nm, a higher percentage, 58%, was rejected; for dextran with molecular weight of 2000 kDa and Stokes diameter of 54 nm, 94% was rejected. Hence the molecular weight cut-off, defined at 90% rejection, was clearly below 2000 kDa/50 nm. Average mesh size estimated for bulk gels, prepared at slightly lower monomer concentration and directly after synthesis was much smaller, i.e. B7 nm (cf. Table 2) , and cut-off values for only hydrogel porefilled membranes had also been lower (r100 kDa). 34 This implies that the relatively large MNP may introduce heterogeneities into the network structure which reduce its size-selective fractionation performance. However, when the AMF was switched on, the membrane permeability increased more than 10 times, and molecular sieving properties changed accordingly. The rejection for dextrans 4 kDa and 500 kDa decreased to 0%, and for dextran 2000 kDa, the rejection was also largely reduced, from 94% to 30%. This indicates that the average mesh size had been very much enlarged and that the molecular weight cut-off had been largely shifted to values beyond 50 nm, because of the magneto-actuation. Therefore, such MNP-PNIPAm hydrogel pore-filled composite membrane has demonstrated magnetoswitchable molecular-sieving behaviour. Also, as shown in Fig. 9(c) , such stimuli-responsive change of molecular sieving effect is fully reversible, because one membrane could be used for three cycles of ultrafiltration experiments, always including switching AMF on and off, and the initial membrane permeability was fully recovered.
Conclusions
For the first time, a smart membrane with magneto-responsive molecular sieving effect has been developed. Its molecular sieving Fig. 9 Responsive water permeability (a) and molecular sieving behaviour (b) of a specific magneto-hydrogel pore-filling composite membrane as well as water and dextran filtrate permeabilities during a step-wise experiment with different dextran solutions and interim water washing (c).
behaviour can be remotely controlled by manipulating external alternating magnetic field, so that heating the feed solution for stimulating the membrane can be avoided. The structure of the network is more complex than that of pure cross-linked PNIPAm, because of the incorporation of the nanoparticles which have a larger diameter than the average mesh size of the bulk hydrogel. Attempts to characterize and optimize this composite network have been made because the polymeric network structure determines the sieving effect while nanoparticle loading or nanoparticle size affect the magnitude and rate of magnetoresponsivity. The obtained membranes have excellent switchable molecular sieving behaviour. However, absolute permeabilities are low compared to established (anisotropic) ultrafiltration membranes with similar molecular weight cut-off; this is mainly because of the much larger barrier thickness and lower barrier porosity of the used macroporous substrates which had been pore-filled completely. In future work, the structure of the composite network will be further characterized in detail as it is of particular importance. And original size of hydrogel mesh and its stimuli-responsive effect could be tuned by varying monomer concentration and cross-linker proportion during the preparation. To increase the permeability of such membranes, adapting the method to porous membranes with smaller barrier thickness and higher porosity is another target of further development. Also, the responsivity of the system during the filtration process could be increased by manipulating the magnetic field amplitude. However, this should be combined with attempts to achieve a more homogenous field distribution; work to redesign the inductor coils is in progress. Overall, because of their interesting responsive molecule sieving behaviour, such novel smart membranes are expected to have potential applications in biomedical and microfluidics fields.
